Atmospheric pressure plasma jets for biomedical applications are often sustained in He with small amounts of, for example, O 2 impurities and typically propagate into ambient air. The resulting poorly controlled generation of reactive species has motivated the use of gas shields to control the interaction of the plasma plume with the ambient gas. The use of different gases in the shield yields different behavior in the plasma plume. In this paper, we discuss results from experimental and computational investigations of He plasma jets having attaching and non-attaching gas shields. We found that negative ion formation in the He-air mixing region significantly affects the ionization wave dynamics and promotes the propagation of negative guided streamers through an electrostatic focusing mechanism. Results from standard and phase resolved optical emission spectroscopy ratios of emission from states of N 2 and He imply different electric fields in the plasma plume depending on the composition of the shielding gas. These effects are attributed to the conductivity in the transition region between the plasma plume and the shield gas, and the immobile charge represented by negative ions. The lower conductivity in the attaching mixtures enables more extended penetration of the electric field whereas the negative ions aid in focusing the electrons towards the axis.
Introduction
Cold atmospheric plasma jets (CAPJ) emanating into ambient air are being investigated for a wide range of biomedical and biotechnological applications [1] [2] [3] . The typical CAPJ consists of a rare gas seeded with a small fraction of reactive gas, usually less than a few percent, flowed through a tube of up to a few mm in diameter [4, 5] . Pulse periodic electric discharges in the tube produce an ionized, radical and excited state laden plume, which subsequently mixes with and reacts with the ambient air. The plasma component of the plume takes the form of periodic ionization waves through the more easily ionized rare-gas dominated channel that is bounded by the less easily ionized ambient gas. The plasma plume is therefore often referred to as a guided streamer. The reactive oxygen and nitrogen species (RONS) produced by CAPJ having guided streamers can be influenced by gas curtains of defined composition surrounding the plume of the plasma jet [6, 7] . Such control has enabled making correlations of plasma-generated reactive species with biological effects [8, 9] .
The effect of the surrounding gas on the plasma propagation and formation of RONS has previously been investigated using helium (He) jets emanating into ambient air and in He atmospheres. Plasma jets using sinusoidally excited needleshaped electrodes [10] and positive pulses [11] emanating into He atmospheres produce a diffuse discharge due to the ability of the discharge to freely propagate into the ambient gas. When emanating into an air atmosphere, the confining effects of the electronegative and low ionization rate molecular gas surrounding the plume produce a guided streamer. Simulations of a He plasma jet produced similar trends [12] .
Several modelling studies have investigated the mechanisms leading to the formation of guided streamers in He-operated plasma jets. Sakiyama and Graves simulated a He plasma jet flowing into nitrogen (N 2 ) impinging on a glass plate with a grounded metal plate underneath [13] . They were able to explain the ring shaped emission patterns and bacteria killing patterns experimentally observed [14] by mixing of excited and ionized He with the surrounding N 2 . Naidis also found annular emission patterns in a simulation including both N 2 and oxygen (O 2 ) as the surrounding gas [15] . He found that in regions where the mole fraction of air exceeded 0.1%, attachment to O 2 prevented further radial expansion of the streamer. Detachment from − O 2 formed in a previous pulse can provide seed electrons for the propagation of the subsequent streamer. The numerical investigation of Breden et al showed that while photoionization in front of the streamer head does increase the propagation speed of guided streamers, it is not a necessary requirement for streamer propagation [12] . They also found that molecular impurities (N 2 , O 2 , air) of up to 1% can enhance the development of the streamer within the discharge tube while possibly quenching the streamer outside the tube. Several numerical studies have suggested that a finite mixing layer between He and air is not a necessary requirement for the development of a guided streamer [12, 16, 17] . The guiding of streamers by the He gas flow is usually explained by the lower electric fields required for the streamer propagation in He than in the surrounding gas, as well as memory effects such as preionization and accumulation of excited species from the preceding streamer [11, 18] .
Naidis [19] investigated the differences between guided streamers created by positive and negative voltage pulses of the same magnitude and found that positive streamers lead to a stronger electric field in the streamer head and tend to propagate faster and further than negative ones. The emission patterns found in that work agreed well with experiments [20] . A comparison of positive and negative streamers was also made by Xiong and Kushner for ionization waves propagating inside dielectric tubes [21] . Unlike guided streamers into ambient gas, it was found that negative streamers propagate faster than positive streamers, an effect attributed to the focusing effect of the tube walls. While in a free jet, electron diffusion leads to a broadening of the streamer head, and consequently to lower electric fields and a slower propagation as found for streamers in air [22] , the walls of the tube can rapidly charge and produce an electric field pointing in the direction of streamer propagation.
Winter et al [23] measured metastable He (He(2 3 S 1 ), He m ) concentrations using laser absorption spectroscopy on a CAPJ while incorporating shielding gases consisting of mixtures of N 2 and O 2 . It was found that the He m concentration in the plume strongly depends on the composition of the shielding gas: The He m density in the vicinity of the jet nozzle amounts to 10 13 cm −3 if the O 2 concentration in the shielding is between 15% and 100% . As the O 2 content in the shielding gas is decreased below 10% the He m density drops by at least two orders of magnitude (below the detection limit of the system). Similar densities and trends were observed when a mixture of O 2 and Ar was used as the shielding gas. These findings indicate that the decrease in He m density with decreasing O 2 content in the shielding gas is not due to the presence of N 2 , but due to the absence of O 2 .
In this paper, we report on the consequences of ambient O 2 -and especially its electronegative properties-on dynamic processes in the plume of a He CAPJ. Several previous investigations have been performed on the particular CAPJ used in this study, the kinpen Sci [24] . For example, the previously mentioned measurements of He m densities were made using this device [23] . As a result, the baseline operating characteristics of the CAPJ are well known and can be extrapolated to the broader class of CAPJ [4] [5] [6] . The consequences of O 2 content in the ambient and shield were investigated by using optical emission spectroscopy (OES) and numerical modelling. The OES measurements include low-resolution observations of the emission of atomic and molecular lines, high spectral and spatial resolution of N 2 emission bands and time resolved images of the plume of the jet jets using a fast-gating iCCD camera. We found that if the jet is shielded with N 2 , an intense N 2 emission occurs at the side of the jet nozzle and a dark space occurs at a distance of 0.5 to 1 mm from the nozzle. These features do not occur if the jet is shielded by synthetic air. We also observed a backwards directed emission (travelling along the jet axis against the flow direction) during the positive half-cycle if the shielding gas contains O 2 .
Two dimensional numerical modeling of the discharge was also performed. A correlation between the observed emission patterns and the computed electron densities and electric fields was obtained. This leads to the central hypothesis that anions formed from O 2 contribute to a focusing of the electrons in the plume of the jet during the negative half-cycle.
Description of the experiment and model

Experiment
In this investigation, the plasma jet kinpen Sci was operated with a shielding gas device. The jet is identical to that diagnosed by Winter et al [23] . The device features an inner needle electrode which is mounted in the center of a ceramic capillary of 1.6 mm inner diameter with a grounded outer electrode. The inner electrode is driven at a frequency of 940 kHz with a peak-to-peak voltage of 1.7 kV [23] . The jet and shielding gas device are schematically shown in figure 1 . The feed gas is He at 2.5 standard liters per minute (slm) (Alphagaz 1, Air Liquide, France). The employed shielding gas mixtures were 5 slm of N 2 and O 2 (Alphagaz 1, Air Liquide, France) in different mixing ratios ranging from pure N 2 to pure O 2 .
Low resolution spectra of the jet emission in the region of 250-970 nm were obtained using the AvaSpec ULS2048X64-2-USB2 (Avantes, Netherlands) spectrometer with a slit width of 25 µm. The end-on spectrum was obtained by placing an optical fiber in front of the plume. The spectral sensitivity was calibrated using the light source DH-2000-CAL (Ocean Optics, USA).
Side-on spatially resolved spectra were made with the imaging spectrograph Shamrock 750 (Andor, Northern Ireland) with the EMCCD Newton 971 (Andor) with an entrance slit width of 20 µm and a grating with 600 lines mm −1 . Using two lenses, the jet was imaged onto the entrance slit of the spectrometer.
The experimental setup and gating sequence for the PROES measurements are shown in figure 1 . A high-repetition rate gated iCCD camera (LaVision PicoStar HR12) was used for the imaging. The image intensifier consists of a photo cathode, micro channel plate (MCP) and phosphor screen. The kinpen Sci generates a TTL signal that is fed to the camera control unit. During each period of the plasma jet the control unit gates the MCP for 1 ns after a fixed phase locked delay with respect to the TTL signal. The gating signal and the voltage applied at the inner electrode of the jet are monitored on the oscilloscope allowing an assignment of the image with the phase of the jet. By varying the delay with respect to the TTL signal phase resolution is obtained. The exposure time of the CCD was adjusted for the light intensity and ranges from 20 ms to 800 ms. A 707 nm filter with a spectral FWHM of 9 nm was used for observing He emission (He 3 3 S-2 3 P) and a 390 nm filter (FWHM 20 nm) was used for N 2 emission (first negative system, FNS and second positive system, SPS). The field of view of the camera for the PROES measurements with the plasma turned off is shown in figure 2 . An additional gas flow of 0.1 slm can be introduced in the plume of the plasma jet using a glass pipet.
Model
Using the 2-D cylindrically symmetric, plasma hydrodynamics model, non-PDPSIM [25, 26] , a single jet with a shielding gas curtain with dimensions similar to that of the kinpen Sci was simulated using an unstructured triangular mesh as shown in figure 3 . The computational domain is 24 mm by 8.8 mm and contains nearly 16000 nodes with 13 000 being plasma nodes.
The mesh has refinement zones that, as shown in the left panel of figure 3 , allow for finer resolution in the discharge region (from 30 µm at the tip of the pin electrode) to coarser resolution (0.2 mm) far from the plasma. The primary goal of this computational investigation was to analyze the effects of the shielding gas on the propagation of the ionization wave and the production of reactive species from the interaction of the plasma produced charged and reactive species and the gas in the curtain. A secondary aspect was to validate the model through comparison of trends with the experiment using this unique scenario of gases shrouding the helium plasma jet to optimize production of RONS.
In this study, the plasma transport module, the radiation transport module and the fluid transport modules of non-PDPSIM were used. The neutral flow field was modeled by integrating modified versions of the compressible NavierStokes equations which account for large gradients in average molecular weight. The flow field is allowed to develop for 5 ms prior to applying voltage to the electrode. At this point, the plasma transport module is used to solve Poisson's and charged and neutral species continuity equations with picosecond timesteps using a fully implicit Newton-iteration technique with a maximum allowed error of 3 × 10 −6 for convergence for each timestep. Poisson's equation is solved throughout the entire computational domain, including both dielectric tubes (ε/ε o = 4 without conductivity) and electrodes (treated as metal). Using a time-slicing technique, the electron energy equation is updated for electron temperature which is then used to provide transport coefficients and rate coefficients. These coefficients are obtained from tabular stationary solutions of Boltzmann's equation for the electron energy distributions. These tables are updated every 5 × 10 −11 seconds to reflect instantaneous changes in gas composition. Photoionization of O 2 is addressed in the radiation transport module. During the discharge pulse the fluid module is called every 5 × 10 −11 seconds to provide close coupling to the plasma transport. The description of the model of an atmospheric pressure plasma jet into humid air is described in depth in [27] .
In the numerical investigation, impure He (containing 2 ppm O 2 and 3 ppm H 2 O) flows through the central tube at 2.5 slm. The shielding gas flows at 5 slm into humid air (N 2 / O 2 /H 2 O = 79.5/20/0.5). Four shielding gas compositions were analyzed: N 2 /O 2 = 99/1, 1/99, 80/20 (synthetic air), and an artificial electronegative N 2 (eN 2 ). In order to isolate the consequences of an electronegative shield, an N 2 shield was modelled while allowing the N 2 to additionally attach to form a fictitious − N 2 using the same rate of attachment and ion-ion neutralization as would occur for − O 2 . This is referred to as electronegative N 2 (eN 2 ).
The voltage profile used in the model is a 5 ns rise time to −15 kV and 75 ns duration at that voltage. The ring electrode on the inner tube is grounded. Compared to the experiments, a higher voltage is applied in the model in order to produce a guided streamer on the first discharge pulse. The propagation of a single negative streamer during an 80 ns interval is simulated.
Results and discussion
Optical emission spectroscopy
An example of the low resolution optical emission spectrum is shown in figure 4 when using N 2 or synthetic air as the shielding gas. The emission originates from atomic He, the He excimer, atomic oxygen (O), molecular N 2 and molecular N 2 ions, as well as from hydroxyl and atomic hydrogen [28] [29] [30] . The end-on spectra obtained with N 2 and synthetic air as shielding gases are similar, which is expected as the emission in this case mainly originates from inside the capillary. Only a slight increase of the intensity of the O lines and a small decrease of the N 2 emission were observed when synthetic air was used compared to N 2 . Note that emission from O, hydroxyl (OH) and atomic hydrogen (H) is observed which originates from impurities in the He. The feed gas contains up to 3 ppm of water vapor and up to 2 ppm of O 2 . Further impurities may result from desorption from the interior surfaces of the feed gas tube, back diffusion from the ambient or diffusion through PTFE tubes [31] . Differences in the spectra for different shielding gases were found when observing the plume from the side, as shown in figure 5 . Emission originating from the FNS ( + N 2 (B) → + N 2 (X)) and SPS (N 2 (C) → N 2 (B)) of N 2 is shown spatially resolved along the axis of the jet for N 2 and synthetic air shielding gases. In both cases the emission is strongest in the vicinity of the jet nozzle. However, in the N 2 -shielded case, the FNS emission first drops to near zero at around 1 mm and then rises again up to 4.5 mm. Switching from N 2 to synthetic air shielding produces a 50% increase in FNS emission while the SPS emission is nearly totally quenched.
Effect of shielding gas on ionization wave propagation
The voltage applied at the electrode of the jet is shown in figure 6 together with the total phase resolved emission of the jet along the axis for shielding gas compositions of N 2 / O 2 = 100/0, 90/10, 80/20 and 0/100. While operating at a carrier frequency of 940 kHz, the voltage signal is additionally modulated at 470 kHz: During a 2.1 μs period, the voltage signal has a strong positive half-cycle, followed by a strong negative, a weak positive and a weak negative half-cycle. This pattern is regular with a 2.1 μs period and is reflected in the axial PROES measurements shown in figures 6(b)-(e). The excitation dynamics strongly depend on the O 2 content of the shielding gas. With an N 2 shield, the excitation front propagates from the nozzle in the direction of the gas flow with a speed of 1800 m s −1 during the positive half-cycle. The emission features a dark space at a distance of about 0.5 to 1 mm, which is visible to the naked eye. The excitation front End-on spectra when using N 2 or synthetic air as the shielding gas. These spectra do not significantly differ with varying shielding gas composition since the emission dominantly originates in the tube (in contrast to side-on measurements). propagates in the opposite direction with a speed of about 4200 m s −1 if the shielding gas contains O 2 . The speeds of the forward and the backwards directed excitation waves were obtained from the angle of spatial position versus time in figures 6(b) and (e). The backwards directed excitation wave originates from the plume region and propagates towards the inner needle electrode. It only appears if the shielding gas contains O 2 and is most pronounced if the shielding gas is pure O 2 (see figure 6(e). Such backwards directed excitation waves have been observed in needle-to-plane discharges [32] .
Phase resolved optical emission from He and N 2 is shown in shown in in figure 7 for the strong positive half-cycle and in figure 8 for the strong negative half-cycle. The timings of the images are indicated by the phase number using the scale shown in figure 6(b) . The exposure time of the CCD is 140 ms for N 2 emission and 800 ms for He emission. The bandwidth of the filter for the He 706.7 nm line is small enough to dominantly capture this line. The filter used for N 2 emission captures both SPS and FNS radiation (see figure 5(a) ).
With N 2 shielding gas, the N 2 emission during the positive half-cycle is low in the plume region. Emission from N 2 is strong from phases 9-13 after which it decays (phase positions 14-28). During the negative half-cycle (phase positions 19-25), strong emission from N 2 occurs at the side of the nozzle outlet. This emission is not followed by an increase in emission at distances further from the nozzle. The ionization wave here appears to spread radially outward rather than being focused in the axial direction.
As O 2 is introduced in the shielding gas, the emission dynamics change. A low but broad N 2 emission occurs throughout the entire period. This emission follows the contours of the ambient air density. A similar fluorescence pattern was observed in laser induced fluorescence measurements of OH and was explained by diffusion of air into the active plume of the jet [33, 34] . Strong N 2 emission also occurs onaxis during phase 7-12 and at the He-air boundary. Emission maxima at the He-air boundary may result from the higher N 2 densities at this position. The strong on-axis emission directly correlates with the emission from He at these phases. The maximum in He emission propagates from a distance of 2.5 mm towards the nozzle. This behavior occurs at low O 2 concentrations (10%) in the shielding gas and becomes more pronounced as the O 2 content increases. Qualitatively the He emission dynamics are the same for 10-100% O 2 in the shielding gas. The emission dynamics suggest that a backwards directed excitation wave occurs from the plume region towards the anode.
The emission during the negative half-cycle (figure 8) is also qualitatively different when O 2 is present in the shielding gas. The strong N 2 emission at the side of the nozzle with pure N 2 shielding gas does not occur. Instead, He emission is observed on-axis at phase positions 18 to 23 with O 2 in the shield. One explanation is that without O 2 in the shielding gas, high energy electrons propagate in the radial direction where they excite N 2 at the side of the jet nozzle. With O 2 in the shielding gas, these electrons are focused towards the axis and are able to excite the high energy He states. ) and the He 706.7 nm emission are more intense if O 2 is in the shielding gas while the FNS emission is stronger without O 2 present (see figures 5, 7 and 8). These trends indicate that the N 2 shielded jet produces lower electric fields (and lower electron energies) than the synthetic air or O 2 -shielded jet. The energy levels involved in the emission of FNS and SPS radiation and He 706.7 nm emission and the rate coefficients for the direct excitation from the ground states are shown in figure 9 . The rate coefficients were computed with BOLSIG+ [35] using the cross sections from figure 7 for the strong negative half-cycle (continued). [36, 37] . At lower electric fields, more SPS radiation can be expected, while at high electric fields the FNS radiation and He 706.7 nm emission should increase on a relative basis.
Effect of asymmetric O 2 distribution in the plasma plume on ionization wave propagation
To investigate the effect of an electronegative gas in the ambient gas surrounding the jet, gas was injected asymmetrically into the jet using the pipet (see figure 2) . A flow of 0.1 slm of either O 2 or N 2 was injected. The average lateral speed of the injected gas was 2 ms −1 compared to the average speed of the gas through the capillary of 21 ms −1 and of the shield gas of 3 ms −1 . He and N 2 emission are shown in figure 10 for the positive half-cycle and figure 11 for the negative halfcycle. When N 2 is flowed through the pipette, there is little change in the emission from either He or N 2 . The additional gas flow through the pipette does not significantly influence the flow field as the flow remains laminar. However, when O 2 is flowed through the pipette from the right side, a stronger emission from both He and N 2 occurs on the left side of the plume. The overall dynamics are not as significantly changed as when O 2 is in the shielding gas, especially no backwards directed excitation wave is observed during the positive halfcycle. As without the pipet, the emission in the positive halfcycle is stronger than in the negative half-cycle. Qualitatively the results do not depend on the exact position of, or the mass flow through the pipet. The exception is when the flow through the pipet is in the slm range, which resulted in bending of the visible plasma plume due to the crossflow.
From these results, two conclusions may be drawn. First, the differences in the guided streamer dynamics observed when O 2 is present in the shielding gas likely do not result 
Modelling of plasma jets with gas shields
The computed densities of He, O 2 and N 2 at 5 ms corresponding to the steady state flow profile for the helium plasma jet with a shielding gas of 99% oxygen and 1% nitrogen are shown in figure 12 prior to the application of a negative voltage at the inner electrode. The sharp demarcation of the central He flow occurs as convective transport strongly dominates diffusive transport into the oxygen shielding gas for the given jet configuration.
Results from the model for the densities of electrons, anions (total of negatively charged ions) and cations (total of positively charged ions) are shown in figure 13 for shielding gases of N 2 , O 2 , synthetic air and for the eN 2 shield gas. The electron impact ionization source and electric field are shown in figure 14 . The times of the images (20, 40, 60 , and 80 ns) highlight the propagation of the guided negative streamer and the production of associated charged species. The 80 ns image is at the end of the maximum in applied voltage (−15 kV). The electron density inside the tube is basically independent of the composition of the gas curtain. The electrons separate from the powered pin electrode forming a cathode-fall-like sheath and have their highest density at the edge of the sheath. As the electrons drift from the pin electrode in the direction of the grounded ring, they charge the wall of the dielectric tube beneath the ring which produces parallel components of the electric field. These parallel components of the electric field sustain a surface ionization wave along the interior wall. This annular plasma density is the source of the annular optical emission observed in previous investigations. The formation of the conducting channel inside the tube compresses the applied voltage into the non-conductive regions outside the plasma channel, and in part helps sustain that ionization wave shown as the source ionization term, S e , in figure 14. As the plasma channel approaches the edge of the tube and passes by the grounded electrode outside the tube, the electric field is locally maximum at the end of the tube as shown at 20 ns in figure 14 . Also independent of composition of the shielding gas, upon exiting the tube, the ionization wave and plasma density move towards the axis, approximately following the 0.1% contour line of the shielding gas mole fraction. However, the manner in which this transition occurs is sensitive to the shielding gas composition as shown by the propagation of the guided ionization wave into the shielding gas in figure 14 .
With the pure N 2 shield gas, the plasma density (represented by the electron density in figure 13 ) forms a halo around the end of the tube that is absent (or at least greatly diminished) when O 2 is in the shield. The source of the halo is Penning ionization by He m , photoionization and diffusion of electrons from the edge of the ionization waves which seeds electrons at larger radii. These electrons then avalanche in the intensified electric field at the edge of the tube. In gas shields containing O 2 , these low energy electrons diffusing or produced by photoionization are quickly consumed to form This suppression of the halo is shown by the anion density at the interface between the shield gas and the He plume. This negative ion halo replaces the electron halo produced in the absence of O 2 . Note that with the N 2 shield, there are low densities of anions at the interface between the N 2 shield and surrounding air. This small density of negative ions results from the same processes-dominantly photoionization that seeds electrons in the O 2 containing interface between the air and the N 2 shield. The length of the electron plume with the O 2 shielding gas is twice as long as for the N 2 shielding gas, 4 mm compared to 2 mm after 80 ns. The on-axis electron density is about an order of magnitude larger for the O 2 shield. The dry air shield is intermediate between the pure gas shields. These densities result from the ionization wave propagating proportionately further with the O 2 shield as shown in figure 14 . This further propagation of the ionization wave with the O 2 shield is enabled by an electric field that extends through the low conductivity of the anion dominated interface between the He plume and the gas shield. The higher conductivity of the interface with the N 2 gas shield shorts out the electric field, and so reduces the magnitude of the ionization wave.
The density of anions is largest with the pure O 2 shield and decreases with the fraction of O 2 in the shield. The sharp demarcation of the anion density at the edge of the tube results from a number of causes. First, the electric field is fairly continuous across the intersection of the He plume and the gas shield while the composition changes over a distance of only a few hundred microns. This change in composition from impure He to O 2 containing molecular gas increases the selfsustaining E/N (electric field/gas number density) from tens of Td in the He plume to hundreds of Td in the molecular gas. (1 Td = 10 −17 Vcm 2 or 250 Vcm −1 at atmospheric pressure). The self-sustaining E/N in the molecular gas exceeds that available. The transition between net-ionization and netattachment across the interface occurs in only 80 μm. Any electrons that are produced at larger radii are quickly attached. With the N 2 shield, the local maximum in anion density at 80 ns below the inner tube results from the 1% O 2 in the N 2 gas shield and the maximum below the outer tube is where the electrons that have spread through the N 2 gas curtain attach to the O 2 in the humid ambient air.
For each composition, the cations follow the electron density with the exception of the lateral spread in the N 2 case. Here the plasma density is below the ambipolar limit in the intense electric fields between the tubes adjacent to the grounded electrons. This allows electrons to rapidly drift independent of the ions but not produce significant ionization.
The higher electric fields obtained for the O 2 containing gas shields are consistent with the proposed mechanisms based on experimental OES measurements. As discussed in section 3.1, the relative change of FNS and SPS emission and the increase in He emission with O 2 content in the shielding suggest higher electric fields in the plasma plume.
The electron plume with the fictitious electronegative eN 2 shield gas closely resembles that for the O 2 shields, having a near complete absence of the electron halo and having the extended electric field enabled by the low conductivity interfacial region. The ionization wave for the eN 2 shield does not extend as far as for the O 2 shield. The vibrational and electronic excitation of eN 2 diffusing into the He plume provides more non-ionizing energy losses for the electrons compared to the O 2 shield. The anion density is lower than in the O 2 shield case, as dissociative attachment is not included for eN 2 .
Electrostatic focusing mechanism (negative half-cycle)
Without O 2 in the shielding gas electrons are transported in radial direction where they excite N 2 at the side of the jet nozzle (see figure 8 phase positions [20] [21] [22] [23] [24] . The electrons are focused towards the axis when O 2 is present and are able to excite the high energy He and N 2 states. The results from the model (figures 13 and 14) for a negative pulse suggest that N 2 shielding leads to more transport of electrons in the radial direction whereas an electronegative shielding gas is more likely to confine and guide the streamer. As these dynamics are similar for the O 2 and eN 2 shielded cases, it is likely that the focusing is associated with the electronegativity of the gas.
Based on these observations, an electrostatic focusing mechanism is proposed. The computed positive and negative charge densities in the plasma plume of the jet shielded with N 2 and O 2 are shown in figure 15 . The resulting electric field lines (pointing in the opposite direction of electron drift) are also shown. If N 2 is the shield gas, electrons are the primary negative charge carriers. As the streamer head is negatively charged, electrons drift radially outward due to their high mobility. If O 2 shield gas is used, electrons that drift outward are attached to form negative ions that have comparably low mobility. The electric field produced by the anions focuses electrons towards the axis of the jet. In this sense, the negative ions produced by an electronegative shielding gas play a similar role to the charging of the dielectric by electrons for negative streamers propagating inside tubes. In these cases, the surface is charged in front of the streamer head and turns the electric field parallel to the axis of the tube which reinforces the streamer propagation [21] . The second effect of the electronegative gas is the attachment process itself, which prevents ionization waves from propagating outwards in radial direction. In the N 2 shielded case these two confining mechanisms are absent.
This mechanism is consistent with the measurements of OES for an N 2 shield with the additional pipet flow of O 2 and N 2 (see figures 10 and 11). Here the negative space charge with the O 2 injection only acts on one side of the plume. Instead of focusing the ionization wave with attachment on both sides of the channel, the ionization wave migrates towards the other side of the guiding He channel where propagation is less inhibited.
Backwards directed excitation wave (positive half-cycle)
While the mechanisms leading to the backwards directed excitation wave during the positive half-cycle are not yet fully understood, some conclusions can be drawn from the our experimental and numerical results. As shown in section 3.3, providing O 2 in the downstream region is not sufficient to produce the backwards directed excitation wave. Consequently, it is also unlikely that photoionization or Penning-ionization of O 2 at the starting point of the backwards directed excitation wave can explain this behavior [38, 39] . The situation is similar for Penning ionization by metastable He m , which also has a minor effect on guided streamer propagation [15] 
are likely too similar to explain the observed differences.
(The same is true for Penning ionization in three-body processes [40] ). Our current hypothesis is that the backwards directed excitation wave depends on the dynamics of the previous negative half-cycle. Anions generated in the downstream region by attachment to O 2 could provide seed electrons through electron detachment reactions for the backwards directed excitation wave in the subsequent positive half-cycle. Electron detachment reactions through thermal reactions such as ). However, detachment by excited states proceeds with nearly gas kinetic rate coefficients, [41] . Further modelling and experimental studies using other electronegative shielding gases, would provide additional insights on the origin of the backwards directed excitation wave.
Concluding remarks
In this work the effects of the composition of the gas shield surrounding a cold atmospheric He plasma jet was investigated both experimentally and numerically. We found that the ratio of optical emission of the first negative system and second positive system of N 2 significantly change depending on whether the shielding gas contains O 2 . Phase resolved optical emission spectroscopy revealed three emission features that are summarized in figure 16 : If pure N 2 is used as shielding gas, strong N 2 emission occurs at the side of the jet nozzle during the negative half-cycle. A dark space also occurs close to the exit of the nozzle. If the shielding gas contains O 2 , emission propagates from the ambient towards the jet nozzle against the direction of the gas flow during the positive halfcycle of the jet. From results of modelling, it was found, that when a pure N 2 shielding gas is used, electrons spread radially outward at the edge of the nozzle. This spreading does not occur if the shielding gas contains O 2 . In this case an anion sheath forms around the He channel in which the ionization wave propagates further and produces higher electric fields in the head of the guided streamer. This is due to the lower conductivity outside the core of the guided streamer that enables greater penetration of the electric field.
Based on these experimental and numerical findings, the following mechanism is proposed. The electric field generated by the anions contributes to a focusing of the electrons towards the center of the He channel, thereby promoting the propagation of the ionization wave during the negative half-cycle. In this way anions can be generated at distances of a few mm from the jet nozzle. These anions can then provide the seed electrons for the backwards directed excitation wave observed during the next positive half-cycle. This mechanism is consistent with the behavior of the jet when injecting O 2 with a pipette. The injected O 2 focuses the ionization wave to the opposite side of the He channel from where the gas is injected. Electrostatic forces due to negative space charge caused by anions can have a significant effect on the propagation of guided streamers in cold atmospheric pressure plasma jets operated with noble gases. The observed effects appear to arise from the interface of a nonelectronegative and an electronegative gas. Through a variation of the shield gas composition fundamental plasma parameters (plasma density, mean electron energy) in the plasma plume of CAPJ can be influenced. This can be exploited for the optimization of plasma processes for the typical fields of application of such devices, e.g. for the treatment of biotechnological surfaces or biological tissue. 
